The inability of ceramic and nanoceramic processing without expensive diamond tools and with a high-material-removal rate hampers the scope of its potential applications and does not allow humanity to make a full shift to the sixth technological paradigm associated with Kuhn scientific revolutions and Kondratieff's waves and restrains the growth of the economy. The authors completed a review on the research state of ceramic and nanoceramic processing by electrical discharge machining, which is possibly solved by two principal approaches associated with the usage of standard commercially available machine tools. The first approach is related to the introduction of expensive secondary phase; the second approach proposes initiate processing by adding auxiliary electrodes in the form of coating, suspension, aerosol, or 3D-printed layer based on the components of silver, copper, or graphite in combination with an improved dielectric oil environment by introducing graphite or carbon nanoparticles, which is hugely relevant today.
Introduction
By the beginning of the 21st century, ceramics and hard alloys were entirely developed and widely spread in the field of engineering [1] [2] [3] . It is difficult to imagine modern production in almost all machinery industries without cutting tools or other products made of ceramics and hard alloys. The scope of their applications is extensive but has one distinction-products of ceramic and hard alloys are used in extreme operating conditions under heat and ultimate loads. In this condition, no other material can provide the necessary performance, heat and wear resistance [4, 5] .
Due to the excellent exploitation properties of ceramics [6, 7] and according to the summary analysis of experts, the volume of the world ceramic market grows at an average annual rate of 9.2%, and by 2020, the market volume will reach $103 billion [8] [9] [10] [11] . The trends for nanoceramics can be even more significant in further perspective. According to the results of recent studies [12, 13] , the samples of nanoceramics obtained by improved hybrid spark plasma sintering can exceed in main operational parameters (such as hardness, crack and wear resistance) of technical ceramics sintered by traditional isostatic pressing with subsequent vacuum sintering by 30%. The specialists of the subject area associate this phenomenon with the Hall-Petch relation, which describes the growth of the yield strength of a polycrystalline material with a decrease in the grain size [14, 15] .
However, the introduction of nanoceramics into real life is limited because of their high costs and low workability. The manufacture of each product requires high costs and is very labor-intensive. It requires fewer allowances in processing and the purchase of precision cutting tools based on artificial diamond, as cutting tools made of traditional alloys are worn extremely fast. In its turn, the geometry
Scientific Problem
The scientific problem of the physical impossibility of superhard ceramic materials machining (as the exception is the diamond grinding method) is considered because of their nearly zero conductivity since the electrical conductivity of ceramics, as for all solids, depends on the concentration of charge carriers, their magnitude, and mobility. The material conductivity is composed of each its constituent phase electrical conductivity: The measurement of the electrical conductivity of especially pure oxide ceramics becomes a complex scientific and technical problem. In many cases, the problem is the impossibility of obtaining the necessary complex spatial geometric shape of surfaces of functional products from high-strength ceramics by traditional methods of processing. There is a strong need of the development of a new inexpensive way of ceramic nanocomposites machining.
There are two main approaches to solving this problem to achieve this goal:
The creation of a new class of nanocomposite ceramics with the inclusion of the conductive phase allowing the machining of blanks in order to obtain the finished product with the use of minimal technological effort and the absence of direct contact between the material and tool, i.e., using the electric discharging methods of machining [33] [34] [35] [36] [37] [38] [39] ; -The modification of the surface layer of the nonconducting workpiece, the geometric shape of which is already close to the geometry of the final product, by applying a conductive coating (auxiliary electrode) with a thickness of~20 µm, which could become an intensifier of electrical discharge machining of non-conductive ceramics [40] [41] [42] [43] [44] .
The second approach is the less expensive and may have a high level of technological adaptation to the conditions of real machine-building production, and is capable of producing positive results on a large scale. First of all, these conclusions are related to favorable technological conditions for the sintering of single-phase nanoceramics from the relatively low cost of ZrO 2 and Al 2 O 3 nanopowders in comparison with the cost of the nanoscale modified electrically conductive phases (for example, graphene, graphene oxide). The other reason is the relatively low cost of materials for the production of a profile tool for EDM. The design of constructive and technological features of the product allows the withdrawal of the application of superhard materials such as nanoceramics based on ZrO 2 and Al 2 O 3 on a new production level [45] [46] [47] [48] . It contributes to their spread in the industry for creating a new class of wear-resistant parts, which are capable of operating under extreme operating loads without losing their performance. That is extremely important in solving tasks of the transition to advanced intellectual production, new materials, and methods.
Current State of Research

The Main Scientific Competitors
The research subject is connected to the research of the method of applying EDM to the processing of nanoceramics made by advanced sintering technologies. The analysis of the leading world scientific competitors in this domain shows that the world community is separated as it was mentioned above. One group of scientists is focused on the modification of nanoceramics with conductive inclusions to create systems such as ZrO 2 -Ta, ZrO 2 -TiC, ZrO 2 -TiCN, Si 3 N 4 -TiC, Si 3 N 4 -TiCN, Al 2 O 3 -TiC, Al 2 O 3 -TiCN [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] , as well as inclusions based on graphene and oxide graphene and graphene nanotubes [23, [60] [61] [62] [63] [64] . Another group of scientists has focused their research on the processing capabilities of existed ceramics and non-conductive ceramic composites. The processing ability (ability to EDM) of such ceramics can be modified by introducing an auxiliary electrode based on copper, brass, steel, carbon, etc. in the form of particles, nanoparticles or thin-film in the process of electrical discharge machining. In this case, an auxiliary electrode will play the role of an initiator and intensifier of technology.
One of the most successful examples of such work is the work of the scientists at the Universities of Chemnitz and Freiburg and their colleagues at the Toyota Concern [65] [66] [67] [68] . The research team at Chemnitz Technical University (Germany) under the guidance of Prof. Andreas Schubert have worked on the processing of insulating materials [23, 69] . In particular, they propose replacing expensive diamond cutting with micro electrical discharge machining (µEDM) for specific technical applications. The researchers obtained a result on the µEDM of technical oxide and nitride ceramics (ZrO 2 , Si 3 N 4 -TiN, and others). In this case, the copper electrode moved progressively along the surface, following the developed control program of CNC-machine. The electrode tool motion looks like kinematic motion of milling cutter during 3-axis milling of grooves and pockets.
The search for alternative methods of processing non-conductive materials was also conducted at the University of Freiburg (Germany) [70] . The authors described two technologies for forming an auxiliary electrode in the form of a coating: Applying a suspension of gas soot and polymethyl methacrylate (PMMA, organic glass or acrylic) by hand and applying the suspension by direct printing carbon conductive ink (C-W) on a commercially available Ekra M2 printer. The coating was carried out on cylindrical samples of non-conductive technical ceramics ZrO 2 . As a result, the fundamental possibility of initiating EDM was proved; eroded debris were involved in processing. However, the authors proposed to use both methods exclusively for super-precision low-cost final finishing since the specific material removal rate could be characterized as modest in comparison with traditional EDM of metals. In their work, the authors criticized the use of plasma-vacuum coating as an initiator of EDM because of its high cost and inaccessibility. The authors of the article, in turn, referred to the successful experience of their Japanese colleagues, in particular, the results of Prof. Mohri. In Japan, with the cooperation of such scientific schools as the Technological Institute of Toyota, The Technological University in Nagaoka and the Technological College in Tsukuba, in the 1990s, a team of scientists was formed under the guidance of the eminent Prof. Naotake Mohri, with the participation of Prof. Katsushi Furutani. In 1996, this group [71] proposed a new method of EDM of dielectric ceramics, by applying an auxiliary electrode in the form of a metal grid on the surface being machined. The EDM was carried out with a brass or copper electrode using kerosene as a working fluid. Prof. Mohri continues to publish the results of research as part of the same research team [72] , in [73] [74] [75] . The treatment was carried out using an electrode in the form of a hollow copper tube (a diameter of 3.5 mm). Thus, it was possible to drill the rough holes in workpieces of various shapes, their geometry was obviously faulted, perhaps due to the lack of reliable fixation of spherical blanks on the machine's worktable; the experiment with Al 2 O 3 turned out to be especially unsuccessful.
The research on the processing of non-conductive materials was also conducted at several research centers in Malaysia. The work published by the research team under the supervision of Dr. Muhammed Abdul Maleque at the International Islamic University of Malaysia (Kuala Lumpur) [76] demonstrated the results of the processing of technical ZrO 2 , wholly covered with a casing of platinum copper. The obtained result proved the ability and effectiveness of EDM processing in kerosene; copper residues from the surface of the ceramic workpiece were successfully removed. Another Malaysian group of scientists under the supervision of Dr. Mohd Amri Lajis at the Technical University of Malaysia (Malacca) in cooperation with the University of Malaysia described the result [77, 78] where an acrylic blank was machined by placing an electrode inside a steel sleeve of 15 mm in diameter. Thus, the authors obtained a conical hole in the non-conducting material following the geometry of the electrode.
The research in the field of EDM processing of dielectric materials is carried out at the Perm National Research Polytechnic University under the supervision of Dr. Timur Rizovich Ablyaz. The authors theoretically and practically investigated the principal ability of EDM processing of non-conductive materials as Al 2 O 3 +ZrO 15 ceramics by initiating a discharge channel by placing the erosion products in the interelectrode gap [79] [80] [81] . The authors provided an analysis of the EDM methods for dielectric materials and considered modern approaches to optimize technologies proposed by previously mentioned colleagues. Their ideas deserve attention and detailed experimental approbation.
Production of Nanoceramics by Advanced SPS
Today the most sought-after researchers are focused on creating new nanomaterials by advanced spark plasma sintering (SPS) [37, 39, [82] [83] [84] . The development and creation of new progressive nanocomposite materials based on ceramic-ceramic and metal-ceramic compositions strengthened with metal nanoparticles and carbides, carbon nanotubes and nanofibers, graphene and graphene oxide are popular due to improved physical and mechanical properties and chemical inertness. The mathematical models developed for SPS assist in the controlling of properties of new materials [85] [86] [87] .
A technical concept for creating a new class of nanocomposites by spark plasma sintering [88] [89] [90] [91] [92] includes the principles of interfacing the components of an innovative spark plasma sintering system, components of a high-current source node equipped with a pressure and temperature controller, and calibration.
Structural nanoceramics can have gradient properties according to particular customer requirements. The developed concept of creating nanocomposite gradient materials consists of creating a new functional mold and using low sintering temperature to minimize residual stresses [93] . The nanostructured powders for this kind of material are prepared according to the known scheme by colloidal processing [37, 39] .
As is known, one of the critical parameters for sintering materials is the distribution of temperature fields over the entire volume of the sintered product [94, 95] . For this reason, the achievement of a uniform distribution of temperature fields in volume is a critical point in the design of tooling and die. Thus, a new model of semi-molds for sintering was designed [37] . The device contains a die of heat-resistant conductive material, insulating a sleeve made of heat-resistant heat-conducting and non-conductive material, a lower punch made of heat-resistant conductive material, an upper punch consisting of two heat-resistant conductive concentric parts, separated by an insulating material. At the same time, punches are processed, and the composition of powder materials is separated through gaskets. This new design allows changing the flow of electrons flowing through the die and, thereby, ensuring its heating. When the percolation of the sintered material is reached, the electrons begin to flow through both the die and the powder material to be processed. Thus, uniform heating of the product throughout its volume is achieved.
Simulated physical processes in order to optimize the technology can help to study the process of sintering and develop solutions for the problems related to the creation of new materials. As part of the study of the problems of technological development for the synthesis of new nanostructured materials by the method of spark plasma sintering, a theoretical description of the sintering process using methods of mathematical and theoretical physics, based on the theory of density functions and nucleation theory, the Keldysh method for electron transfer in a medium consisting of a conglomerate of nanocatrices (tungsten, aluminum and titanium alloys), with additions in the form of crystalline and amorphous mesostructures, causes genuine interest. This method is currently developed in detailed mathematical models of heat and mass transfer in areas of axisymmetric complex shapes of rotation bodies (in connection with the problems of modeling nozzles and nozzles of rockets, aircraft engines). However, with the parameters of the spark plasma sintering process-pulse duration in the range from 1 to 250 ms, average sintering pulse power up to 150 kW, and heating of the mold with powder material up to 2000 • C-new approaches are needed to solve the mass transfer equations, vibrational equations, and temperature distributions, with singular parameters of the substance, thermal conductivity and heat capacity, and time modulated by short pulses of sintering current of extra-large power. In this regard, the problem can be solved by simulating a substance in a cylindrical sintering area by directly pulsing the current through a mold with powder material and additional induction heating and obtaining the microphysical parameters of powder materials using the method of asymptotic approximation and singular generalized functions.
Since in the process of pulsed sintering in the mold, nanoparticles of metals (W, Ti, Al) and crystalline nanostructures (nanotubes, graphene, graphene oxides, nano-diamonds) with a particle size of 50 to 500 nm pass through a characteristic time of several tens of phase transformations, with diffusion and threshold processes for the transfer of molecules and electrons, the result of sintering and the physical properties of the substance obtained are not predictable without precisely setting and modeling the initial data and the dynamic behavior of the physicochemical properties of particles during the sintering process.
Preliminary experimental models were developed that use a Langmuir probe, an optical probe-waveguide to remove the spectral characteristics of the plasma during sintering, for measuring the phases of the voltage and current of the sintering pulse to study these properties. The main theory explaining the physicochemical properties of the material obtained after the action of a series of pulses is the theory of the growth of germ clusters and nucleation (Frenkel-Landau).
In the course of the work for the investigation of the process of pulsed sintering, new effects that were not previously considered in international literature were found: Accelerated nucleation, electronic nanojet, nanofilament, and photon nanojet in the field of thermal photons. At present, an important physicochemical process of reducing the threshold power of electronic breakdown for sintering conglomerates of dielectric nanoparticles by introducing additional impurities from metallic conductive nanoparticles was found and studied. It should be noted that for these processes there are important optical analogs. In the visible and infrared range, there is a new effect, not previously considered as an application to the process of a pulse, as well as a laser sintering effect-the photon nanojet (photonic nanojet). This effect is used as an analog of the electronic jet, the spatial effect of high electron density on the surface of nanoparticles, due to the excitation of the Frohlich modes to simulate
the sintering processes. In addition to the theoretical study of nonlinear effects, in the process of pulsed sintering, there is the possibility of the practical application of a photon jet for a wide range of technical applications as a working medium for microlasers, microlenses, radiation detectors, and metamaterials. Interest in the considered processes takes place in the microwave field, in the calculation and design of metamaterials for the microwave coatings of airplanes and rockets, as well as in the calculations of thermal protective coatings.
The properties of sintered Al 2 O 3 -TiC-Ni nanocomposite in comparison with the properties of a sample of aluminum oxide (Al 2 O 3 ) obtained by hot pressing-the traditional sintering method exceed them due to smaller alumina grains [39] . The average particle size of the aluminum oxide powder in the nanocomposite is approximately 0.3 ± 0.1 µm, while in a monolithic material this size is 3 ± 1 µm. The structure of the Al 2 O 3 -TiC-Ni nanocomposite contains Ni and TiC nanoparticles. Although the process of sintering occurs at a temperature of 1375 • C, the nanoparticles do not significantly increase in size. The hardening of the nanocomposite was expected due to the presence of Ni nanoparticles. The measured relative density of the samples was >98%. The difference in wear resistance between Al 2 O 3 and Al 2 O 3 -TiC-Ni nanocomposite under dry slip conditions depends on the hardness of the material, as well as the size of the aluminum oxide grains in the nanocomposite. Both parameters are most important for improving the tribological properties in working conditions.
Classification of Technical Ceramics and Its Workability by EDM
Technical ceramics are classified based on functionality such as biocompatibility, electrical properties, optical properties, mechanical strength, and resistance to high temperatures according to the following types: Medical ceramics; electroceramics; optical ceramics; structural ceramics and ceramics for extreme conditions; ceramics for energy transfer, storage and conversion; and other types of ceramics [96, 97] .
It should be noted that high-tech industries are experiencing an acute shortage in the production of ceramic materials and high-tech products made from them, which have high performance properties.
On the one hand, this is due to the use of outdated technologies in production and the lack of knowledge in obtaining advanced high-strength ceramic nanomaterials and composites based on them, and on the other hand, using outdated technologies for processing ceramics. The most advanced production is directly dependent on suppliers of equipment and limited in the choice of technological processing modes. This undoubtedly endangers the adequate response to modern challenges.
Electrical discharge machining is a highly efficient method of processing electrically conductive materials regardless of their mechanical properties (Figure 1) . The schematic presentation of the electrical erosion steps under discharge pulses is shown in Figure 2 . The regular discharge gap forms on the surface of the workpiece during the formation of the cavity to be processed: Two electrodes approach up to the moment of first working discharges, which transforms into the discharge channel (Figure 1a) . Then the tool electrode advances in the cavity formed by the first discharges (Figure 1b) and creates a regular cavity in the workpiece (Figure 1c) . On this stage, the pulses acting between the two electrodes balance each other (Figure 1d ), and electrical discharge machining becomes stable.
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1)
Doping ceramics with an additional electrically conductive phase; 2) Deposition of an electrically conductive coating on the surface of the non-conductive ceramics, initiating the start of interaction and initiation of the first sparks. The authors propose to use the second approach in the research and development of a method for processing non-conductive ceramics and composites as it can help to introduce available up-to-date solutions for the machining of ceramics without the additional costs of a second conductive phase of ceramics, which can reduce the exploitation properties of ceramics ( Figure 4 ). 
Discussion
An analysis of the current state of research on this issue and the main guidelines of research in world science showed that the world community is focused mainly on the modification of nanoceramics with current-conducting inclusions to create systems of the type "oxide or nitride ceramics-conductive additives". As well, the most popular but extremely expensive inclusions today for the production of a material system with advanced exploitation properties are nanotubes of graphene and graphene oxide [28, 56] .
Despite the efforts of the world scientific community to solve the global problem of processing non-conductive ceramics and nanoceramics due to the inclusion of the secondary phase, the issue remains unresolved [34, 37, 47, 48, 50, 51, 88, 102] . The main issue that hampers the advances is related to the material of the secondary phase, which often is not widely available for use in the conditions of real production [33, 34, 36, 37, 40, 44, 89, 103] . Besides, the material of the secondary phase can significantly change the appearance of ceramics, such as transparency and color, which directly affects and restricts the areas of its potential application [7, 8, 39, 104] .
In parallel with the mentioned approach, the world's leading scientists work on the feasibility of processing technical ceramics by including an initiator and intensifier of the process in the form of an auxiliary electrode based on copper, brass, steel, carbon inclusions, etc. [15, 23, 35, 43] . The additional electrode can be presented in the form of coating deposited by different techniques (including thermal spray and coating technologies or by aerosol, 3D-printing, or drying suspension disposed at a workpiece) or in the form of carbon particles introduced into the processing zone. Suspension can be based on the components of silver, copper, or graphite. A dielectric oil environment can be improved by adding graphite particles and nanoparticles (carbon, graphene nanotubes) in combination with a conductive coating or thin film (up to~4 µm) or aerosol nanoparticles, which is exceptionally relevant today [15, 38, [42] [43] [44] 47] .
The developed method of the precision shaping of functional products will subsequently contribute to the introduction and distribution of structural nanoceramics in the machine-building industry. It can significantly vary available shapes and properties of nanoceramics regardless of their conductive ability.
The problem of EDM of ceramics needs a fundamentally new approach to find a way of processing by using an economically available solution for direct individual production. Today, the usage of a specially developed conductive coating or thin film with a thickness of~10-20 µm based on the suspension can be one of the technically available solutions.
The presence of this coating will initiate discharges at non-conductive material. The temperature in the discharge gap can reach 10,000 • C, which is suitable for processing any matter. The presence of carbon particles in the oil medium and the eroded debris, which contain the carbon formed from the organic medium, will contribute to processing.
For example, in the case of processing naturally widely available oxide ceramics such as ZrO 2 and Al 2 O 3 , their melting points are of 2715 • C and 2054 • C, respectively [33, 49, 50, 68] . The introduction of an additional process initiator can result in the physical ablation of the ceramics with the formation of the conductive form ZrC and unstable compound Al 4 C 3 , which can theoretically assist processing.
This method can be called superior to the proposals of its competitors in terms of its use for processing structural nanoceramics. The development and application of the technique can contribute to widespread structural nanoceramics in such industries as aircraft and aerospace, where resistance to the heat and wear is relevant. The processing of nanoceramics with the usage of standard mechanical equipment such as EDM without adding an expensive secondary phase can significantly reduce the cost in manufacturing to surpass any potential manufacture competitors by several times.
Conclusions
Research Work
Based on the results of the research and obtained experimental and analytical results described above, a conductive coating with a thickness of~10-20 µm for use as an initiator and intensifier of electric erosion corresponds to general world trends. Its application to technical ceramics and nanoceramics in addition to the refusal to modify nanoceramics itself using an expensive conductive secondary phase, which hampers the switch to the next technological order, will allow an advanced and accessible development, in all respects, of a way of processing structural and non-conductive nanomaterials without the loss of their original operational properties such as high resistance to the heat and abrasive wear. In perspective, it can allow the mechanical engineering industry to shift to a new paradigm of production related to the application of nanomaterials, which is unique in its performance properties in terms of its thermal stability and wear-resistance.
Future Work
Further experiments with the processing of innovative nanoceramics can give a fundamentally new development for the presented idea. It will reveal the principal ability of processing non-conductive oxide nanoceramics and allow the identification of specific conditions and technological modes, and will draw conclusions about the fundamental laws of the main EDM parameters' influence on the workability of nanoceramic workpieces. That is necessary to form a unique geometry of the typical product sample, for which the solution of the global problem of the operational ability for non-conductive materials is critical. It is important to promote the switch to the next technological paradigm with the elaboration of a new accessible method to process innovative ceramics with equipment, which is widely available at modern mechanical production enterprises. 
